Abstract Single-agent sunitinib, an oral small molecule inhibitor of multiple tyrosine kinase receptors, was evaluated for treatment of patients with recurrent glioblastoma (GB) and anaplastic astrocytoma (AA). Fourteen AA and 16 GB patients, all previously treated with surgery, radiotherapy, and temozolomide, were enrolled in a prospective phase II study at either first or second relapse. Patients were treated with daily sunitinib for 4 consecutive weeks, followed by a 2-week break. For AA patients, the most common side effects were fatigue (86 %), diarrhea (43 %), hand-foot syndrome (36 %), neutropenia (36 %), thrombocytopenia (36 %), and nausea (29 %). In the GB cohort, the most common side effects were fatigue (56 %), diarrhea (44 %), neutropenia (31 %), and thrombocytopenia (25 %). Six of 14 (43 %) AA and 5 of 16 (31 %) GB patients experienced grade 3 or greater toxicities. Five patients discontinued study due to drug toxicities. There were no partial or complete responses in either cohort; 8/14 (57 %) AA and 5/16 (31 %) GB patients had stable disease at the first planned assessment. Progression-free survival at 6 months was 21.5 % (AA) and 16.7 % (GB). Median overall survival was 12.1 months (AA) and 12.6 months (GB). These results are comparable to those reported in the literature in patients treated with standard cytotoxic therapies. This is the largest reported trial of sunitinib in recurrent malignant astrocytic gliomas to date, as well as contains the largest AA cohort. Nonetheless, sunitinib did not demonstrate significant anti-glioma activity in patients with recurrent malignant astrocytic gliomas.
Introduction
Patients with malignant astrocytic gliomas (MAG) generally have poor survival. Median overall survival (OS) for patients with glioblastoma (GB) is *14.6 months and *2.5 years for patients with anaplastic astrocytomas (AA) [1, 2] . The recurrence rate for MAG is nearly 100 %. Despite multimodal treatment with maximal safe resection, external beam radiation therapy, and chemotherapy, outcomes after recurrence are poor, with median OS of 25 weeks for recurrent GB and 47 weeks for recurrent AA [3] . There is a compelling and unmet need to identify new therapeutic agents that improve survival and quality of life for these patients. Unfortunately, standard cytotoxic chemotherapy agents have proven to be only modestly effective [4, 5] .
Due to the highly angiogenic nature of MAG, particularly GB, treatment strategies have shifted toward antiangiogenic targeted agents. GB and AA highly express potent angiogenic factors such as vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1-a [6, 7] . Bevacizumab, a humanized monoclonal antibody against the VEGF ligand, has demonstrated 3-to 5-fold higher radiographic response than standard cytotoxic chemotherapies and is approved as a single agent by the U.S. Food and Drug Administration (FDA) for patients with recurrent GB [8] [9] [10] . In addition, evidence regarding bevacizumab efficacy for recurrent AA, a non-approved indication, is limited, suggesting activity similar to that seen with recurrent GB [8, 11, 12] .
In addition to targeting the VEGF ligand, therapies targeting multiple angiogenic receptors are also being investigated. Sunitinib (Sutent; SU11248; Pfizer, Inc., New York, NY) is an oral multi-targeted small molecule inhibitor of the receptor tyrosine kinases involved in tumor proliferation and angiogenesis, including VEGF receptors-1, -2, and -3, platelet-derived growth factor receptor-alpha and -beta (PDGFR-a and -b), stem cell receptor factor (c-KIT), the receptor tyrosine kinase receptor encoded by the (rearranged during transfection) ret proto-oncogene (RET), and fms-like tyrosine kinase 3 (Flt3). Sunitinib is currently approved by the FDA for gastrointestinal stromal cell tumors and renal cell carcinoma [13] and has been shown to inhibit angiogenesis in orthotopic GB mouse models both in vivo and in vitro [14] . These factors provided the rationale to evaluate the safety and efficacy of sunitinib in recurrent MAG patients.
Materials and methods

Protocol objectives
Our primary objective was to determine progression-free survival at 6 months (PFS6), which is the proportion of patients who remained alive and free of disease progression at 6 months from the date of first treatment. Secondary objectives were to estimate best response rates (proportion of patients who ever had a radiographic response equal to or better than stable disease during course assessment), PFS (time from the first treatment with sunitinib until the first evidence of disease progression or death from any cause), and OS (time from first treatment with sunitinib to date of death from any cause) and to evaluate toxicities associated with sunitinib treatment (grade 3 and greater toxicities). Note that PFS was censored for patients who were given any non-protocol antitumor treatment before progression or who were alive and who did not have objective evidence of tumor progression as of their last follow-up. All patients who received at least one treatment of sunitinib were included.
Patient eligibility
The protocol was IRB approved, and all study patients signed an informed consent before trial entry. Patients must have had pathologically or neuroradiographically recurrent AA or GB and prior pathologic confirmation of primary tumor histology. Patients with prior low-grade glioma were eligible if histological transformation to MAG was confirmed before enrollment. Inclusion criteria included age C18 years, Karnofsky performance score C60, and adequate organ function, as defined by serum aspartate transaminase (serum glutamic oxaloacetic transaminase) and serum alanine transaminase (serum glutamic pyruvic transaminase) B39 the institutional upper limit of normal (ULN), total serum bilirubin B1.5 9 ULN, absolute neutrophil count C1500/lL, platelets C100,000/lL, hemoglobin C9.0 g/dL, serum calcium B12.0 mg/dL, and serum creatinine B1.5 9 ULN. In addition, patients had to have recovered from all expected toxicities related to previous therapies and had measurable disease on contrast-enhanced brain MRI. Study patients must have completed external beam radiation therapy, may have received up to two prior chemotherapy regimens, and were allowed to have received Gliadel wafers at initial resection only.
Exclusion criteria included major surgery or radiation therapy within 4 weeks of starting study treatment, National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE) grade 3 hemorrhage within 4 weeks of starting study treatment, and history of or known spinal cord compression or carcinomatous meningitis or evidence of leptomeningeal disease on screening CT or MRI scan. Other exclusion criteria included any of the following within 6 months before study treatment: myocardial infarction, severe/unstable angina, coronary/ peripheral artery bypass graft, symptomatic congestive heart failure, cerebrovascular accident or transient ischemic attack or pulmonary embolism, ongoing cardiac dysrhythmias of NCI CTCAE grade C2, prolonged QTc interval on baseline ECG, hypertension not controlled by medications ([150/100 mmHg despite optimal medical therapy), preexisting thyroid abnormality with thyroid function that cannot be maintained at normal range with medication, known HIV or acquired immunodeficiency syndromerelated illness or other active infection, concurrent treatment on another clinical trial (supportive care trials, e.g., quality of life, were allowed), concomitant use of ketoconazole and other agents known to inhibit CYP3A4, concomitant use of theophylline and phenobarbital and/or other agents metabolized by the cytochrome P450 system, ongoing treatment with therapeutic doses of warfarin, pregnancy or breastfeeding patients, and prior stereotactic radiosurgery treatment. Prior use of bevacizumab or other anti-angiogenic agents was not an exclusion criterion.
Female subjects were required to be surgically sterile, postmenopausal, or agreed to use effective contraception during treatment, and all with reproductive potential required a negative pregnancy test (serum or urine) before enrollment. Male subjects were surgically sterile or agreed to use effective contraception during treatment.
Trial design
This study was a prospective phase II trial of sunitinib in patients with either first or second recurrence of histologically confirmed AA or GB (ClinicalTrials.gov registry NCT00606008). Study patients were stratified by tumor histology (AA or GB). A total of 55 patients were planned for enrollment (31 GB, 24 AA). A planned interim analysis was performed after 16 GB and 14 AA patients were enrolled.
Sunitinib was provided free of charge by Pfizer, Inc. for this study. Trial patients received sunitinib 50 mg daily for 4 weeks without regard to meals, followed by a 2-week rest period. This 6-week regimen constituted 1 cycle. Patients were treated for up to 9 cycles (*1 year) or until disease progression or death or if persistent toxicities occurred. Complete blood count with differential, complete metabolic profile, neurologic exam, and brain MRI with contrast were obtained after each cycle.
Toxicity assessments were obtained after each cycle. Toxicity was graded according to NCI CTCAE, version 3.0. Response evaluations were performed using modified Macdonald criteria [15] ; the response assessment in neurooncology (RANO) criteria was not defined before completion of this study [16] .
Initially, patients were started on sunitinib at a dose of 50 mg daily. If 50 mg daily resulted in unacceptable toxicity, 2 dose modifications were allowed (to 37.5 and to 25 mg daily, if necessary). Study patients who could not tolerate 25 mg daily of sunitinib were taken off study. Unacceptable toxicity was defined as any grade 3 nonhematologic toxicity not reversible to grade 1 or less within 96 h, any grade 4 non-hematologic toxicity or any grade 4 hematologic toxicity not resolving to grade 1 or less within 5 days, despite best supportive care, grade 4 neutropenia associated with fever, or grade 4 thrombocytopenia.
The first 14 study patients (7 AA, 7 GB) were started on sunitinib 50 mg daily. Of those, 7 progressed after one cycle of sunitinib (3 AA, 4 GB). Another GB patient did not complete 1 cycle and withdrew due to excessive toxicity. Of the remaining 6 patients who completed [1 cycle of sunitinib, 3 were dose reduced to 37.5 mg daily due to toxicity. Thus, the study was amended to start subsequent patients at 37.5 mg daily. Twelve of the next 16 subjects enrolled at 37.5 mg tolerated this dose well, while 4 required a dose reduction to 25 mg daily.
Statistical analyses
A minimax two-stage design [17] was employed. The type I error rate was set at 10 % (i.e., a = 0.10) and the type II error rate at 20 % (i.e., b = 0.20 and power = 80 %).
For the AA cohort, an interim analysis occurred after 14 patients were treated and assessable for PFS6 at the end of stage 1. If 2 (14.3 %) or fewer of these first 14 patients were alive and had not progressed at 6 months, then this study cohort would be terminated early and further study of sunitinib would not be recommended in patients with recurrent AA. If 3 (21.4 %) or more patients were alive and progression free 6 months after start of sunitinib, then the study would continue (provided that toxicities were acceptable) until 24 patients had been treated and were evaluable for PFS6 at the end of stage 2. If 7 or fewer patients of these 24 patients were alive and progression free at 6 months, then we would conclude that this schedule of sunitinib was not active enough to warrant further study. With the proposed design, if the PFS6 rate was 20 % or less, then there was a 9 % chance that we would recommend this schedule of sunitinib for further study in these patients; if the true response rate was 40 % or more, then there was only a 20 % chance that we would observe too few patients with benefit (i.e., alive and progression-free at 6 months) at final target accrual and therefore not recommend this regimen for further study.
For the GB cohort, an interim analysis occurred after 16 patients were treated and assessable for PFS6 at the end of stage 1. If none or only 1/16 patients were alive and progression-free at 6 months, then this study cohort would be terminated early. If 2 or more patients experienced benefit (i.e., PFS6), then the study would be potentially continued (providing that the toxicities were acceptable) until 31 patients were treated and evaluable for PFS6 at the end of stage 2. If 5 or fewer patients of these 31 patients were alive and progression free at 6 months, then we would conclude that this schedule of sunitinib was not active enough to warrant further study. With the proposed design, if the PFS6 rate was B10 %, then there was an 8 % chance that we would recommend this schedule of sunitinib for further study; if the true response rate was C25 %, then there was only a 19 % chance that we would observe too few patients with benefit at final target accrual, and therefore we would not recommend this regimen for further study.
For the interim analysis, PFS6 was calculated based on the binary counts and the binomial distribution. For the final reporting, however, PFS, PFS6, and their 95 % confidence intervals (CIs) were constructed using the KaplanMeier product-limit method for both AA and GB groups. The Kaplan-Meier product-limit method was preferred because it takes censoring into account in data analysis while the binary approach is conservative, as all censored observations are treated as failures. Similarly, KaplanMeier curves of OS, median OS, and its 95 % CI were also calculated for both cohorts. Best overall response rates and their exact 95 % CIs were reported based on the binomial distribution for both cohorts. Grade 3 and greater toxicities possibly, probably, or definitely attributable to sunitinib were reported by toxicity category, type, and grade for each cohort. All patients who received at least one sunitinib treatment were accounted for in both the efficacy and toxicity analyses.
Results
Demographics and treatment characteristics
We enrolled 30 patients (16 GB, 14 AA) from March 2007 to December 2010 at the Moffitt Cancer Center (see Table 1 ). All but one patient received prior temozolomide. Sixteen patients enrolled at first recurrence and 14 enrolled at second recurrence. Nine of thirty (30 %) patients had an additional resection for recurrent MAG before study entry. Prior chemotherapy regimens included enzastaurin, hydroxyurea with imatinib, cyclophosphamide, PCV, bevacizumab-irinotecan, and carboplatin. The 2/14 AA patients and 3/16 GB patients who had received bevacizumab prior to study enrollment progressed after only 1 cycle of sunitinib. One GB patient was taken off study due to excessive toxicity (grade 3 elevated transaminases and grade 3 thrombocytopenia), and 1 AA patient withdrew \1 month after starting treatment due to grade 1 nausea and vomiting. In addition, 3 other AA patients withdrew before disease progression due to toxicities that included grade 1 diarrhea, rash, arthralgias, grade 2 fatigue, and grade 3 hand-foot syndrome.
Outcomes Table 2 summarizes the number of completed cycles. The median duration (range) on treatment was 2.7 (0.6-12.3) and 1.4 (0.5-13.6) months for the AA and GB cohorts, respectively. The median follow-up for all study participants was 12 (range: 1.2-43.9) months. All patients died except for three AA patients who remain alive on alternative therapy. Best overall response rates (stable disease or better) were 57.1 % (8 of 14, 95 % CI: 28.9-82.3 %) and 31.3 % (5 of 16, 95 % CI: 11.0-58.7 %) for the AA and GB cohorts, respectively. Specifically, all of the best overall responses were stable disease; there were no partial or complete responses in any of the study patients.
Based on the binomial approach for the interim analysis, 2/14 AA patients (14.3 %) and 2/16 GB patients (12.5 %) reached PFS6. Regarding final estimates based on the Kaplan-Meier product-limit approach, which takes censored observations on PFS into account, PFS6 was 21.5 % (95 % CI: 3.6-49.2 %) and 16.7 % (95 % CI: 2.9-40.2 %) for the AA and GB cohorts, respectively. All of the censored observations were not known at the interim analysis; thus, the decision to not expand the trial was based on the number of patients that did not reach the predetermined PFS6 targets. Median PFS was 4.1 (95 % CI: 1.0-5.7) and 1.4 (95 % CI: 1.2-4.8) months for AA and GB cohorts, respectively (Fig. 1a) . Median OS was 12.1 (95 % CI: 4.5-18.5) and 12.6 (95 % CI: 3.9-18.1) months for AA and GB cohorts, respectively (Fig. 1b) .
Toxicities
In the AA cohort, 4 patients (28.6 %) had grade 3 toxicities and 1 patient (7.1 %) had grade 4 neutropenia. The most common toxicities attributed to sunitinib (any grade) that occurred in at least 25 % of AA patients included fatigue (85.7 %), diarrhea (42.9 %), hand-foot syndrome (35.7 %), thrombocytopenia (35.7 %), leucopenia (35.7 %), neutropenia (28.6 %), rash (28.6 %), and nausea (28.6 %). In the GB cohort, 4 patients (25 %) had grade 3 toxicities, whereas 1 patient (6.3 %) had grade 4 neutropenia and thrombocytopenia. The most common toxicities attributed to sunitinib (any grade) that occurred in at least 25 % of GB patients included fatigue (56.3 %), diarrhea (43.8 %), neutropenia (31.3 %), and thrombocytopenia (25 %).
Discussion
Sunitinib was chosen as a potential anti-glioma agent due to its ability to inhibit multiple VEGF and PDGF receptors as well as c-KIT, all of which are overexpressed in malignant gliomas [18] [19] [20] . Preclinical studies have also demonstrated sunitinib activity against malignant gliomas [14, 21] . However, our results do not suggest sufficient activity to proceed with further studies of this agent in recurrent MAG. Only 2/14 (14.3 %) AA patients were alive and progression-free 6 months after starting treatment and only 2/16 (12.5 %) GB patients were progression-free at 6 months. Thus, the AA cohort did not reach its goal of at least 3 or more patients reaching PFS6. Although the GB cohort did have at least 2 patients reach PFS6, given the lack of partial or complete MRI responses and that 12/16 GB patients tolerated or progressed after only 1 cycle of sunitinib, the decision was made to not proceed with the second-stage expansion cohort. There were not enough patients who received bevacizumab prior to study enrollment (2 AA, 3 GB) to significantly affect the study outcomes. Thus, no definitive conclusions can be made regarding outcome differences between the bevacizumab versus the bevacizumab-naïve study patients.
The response outcomes in our study were similar to another phase II trial of single-agent sunitinib for recurrent malignant gliomas. In the study by Neyns et al. [22] , 21 recurrent MAG patients who received sunitinib 37.5 mg daily had no objective response. The median OS in their study was 3.8 months, compared to 12.6 months for the GB cohort and 12.1 months for the AA cohort in our study. Given that 75 % of the GB patients completed only 1 cycle of sunitinib, it is likely that the difference in median OS in our study versus theirs may be attributed to subsequent treatments after sunitinib rather than the effect of sunitinib. In our study, 10 of 16 (63 %) GB patients progressing on sunitinib proceeded onto bevacizumab. In another study for recurrent malignant gliomas, Reardon et al. evaluated 25 recurrent MAG patients who received sunitinib and irinotecan. PFS6 in that study was 24 %, median PFS was 1.7 months, median OS was 13.3 months, and 1 patient had a partial radiographic response [23] . This study also utilized the 4 weeks on/2 weeks off sunitinib regimen at 50 mg daily. The authors also concluded that sunitinib with irinotecan did not demonstrate significant anti-glioma activity. Tables 3 and 4 list toxicities [grade 3 for the AA and GB cohorts, respectively. After our protocol was amended to a dose of 37.5 mg daily, only four patients in each cohort (28.6 % of AA patients; 25 % of GB patients) had grade 3 or higher toxicities with only 1 patient in each cohort (7.1 % in AA; 6.3 % in GB) with grade 4 neutropenia. The most common side effects (fatigue, diarrhea, neutropenia, and hand-foot syndrome) were also among the most common toxicities reported in the other sunitinib studies [22, 23] . Overall, sunitinib at 37.5 mg daily was reasonably tolerated. Only 1 patient withdrew from the study, specifically because of toxicity at the 50 mg dose. This is the largest reported trial of sunitinib in recurrent malignant gliomas (30 patients), as well as the largest cohort of recurrent AAs treated with sunitinib (14 patients). However, the outcomes of patients in the recurrent AA cohort were comparable to those in prior studies using cytotoxic chemotherapy (median PFS of 17.8 weeks compared to 13 weeks historically). The PFS6 of this cohort was 21.5 %, which is worse than the historical PFS6 benchmark of 31 % [3] . Based on the present study, it appears that patients with recurrent AA sustained a similar and meager benefit from sunitinib when compared with patients in the recurrent GB cohort, recognizing the small study cohort sizes. The results of the GB cohort were comparable to those reported by Wong et al. [3] PFS6 of 16.7 %, median PFS of 6.1 weeks, and median OS of 54.6 weeks, compared to historical rates of 15 %, 10 weeks, and 30 weeks, respectively. Although sunitinib was deemed to be a potentially effective treatment for recurrent MAG, the current study is concordant with prior studies confirming lack of significant anti-glioma activity [22, 23] . This may be due to the possibility that the tolerated dose of sunitinib may be insufficient to significantly affect tumor growth or induce tumor responses. Alternatively, the 4-week on/2-week off schedule initially employed at 50 mg daily proved to be too toxic, thus preventing assessment of response. Because the 37.5 mg dose proved tolerable in patients with recurrent glioma and contemporary studies of renal cancer employ a continuous daily dose of 37.5 mg (with no drug interruptions except for toxicity), the study drug schedule may have been incorrect. In their study, Neyns et al. [22] noted modest reductions of gadolinium enhancement, cerebral blood flow, and cerebral blood volume in 4 of 14 (29 %) patients, but notwithstanding these anti-angiogenic effects were insufficient to induce true tumor regression. There is limited evidence that sunitinib penetrates the blood-brain barrier from published reports of brain metastases from renal cell carcinoma responding to sunitinib treatment [24] and reports of sunitinib treatment reducing the incidences of brain metastases from renal cell carcinoma [25] . However, no animal studies have shown conclusively that sunitinib achieves therapeutic concentrations in brain, suggesting another mechanism (failure to access the target) of sunitinib that would limit anti-glioma effectiveness.
Although there is limited evidence to suggest that sunitinib as a primary treatment for recurrent MAG is effective, it is possible that combining sunitinib with up-front chemoradiotherapy may be more efficacious. For example, when sunitinib is administered at various doses concurrently with temozolomide, sunitinib had a differential effect on the distribution of temozolomide in glioma mouse models. Optimal tumor exposure to temozolomide was achieved with lower sunitinib doses [26] . Despite sunitinib not demonstrating activity as a single agent in recurrent MAG, future studies evaluating other experimental antiangiogenic agents, possibly in combination with cytotoxic agents, may demonstrate more efficacy in recurrent MAG.
